crystallized mp 129 O C ; IR (CHC13) 2970,1140 cm-'; 'H NMR (CDC13) 6 4.10 (2 H, m), 3.85 (1 H, s), 2.6-0.6 (11 H, complex); mass spectrum, m/e (relative intensity) 188/186 (11/36), 79 (100).
4-anti-Bromo-l-isopropyl-2-oxaadama~tane (10). A 3 W m g sample of la (1.77 mmol) was treated with thionyl bromide as described for the synthesis of 8. The 
(901, 43 (100).
2-anti-Iodo-4,4-dimethyladamantane (23) . A 185-mg sample of la (0.93 mmol) was refluxed overnight in 57% hydriodic acid. After cooling the reaction mixture was diluted with water and extracted with methylene chloride. After the usual workup, 149 mg (52%) of 23 as a colorless liquid was obtained which turned dark after some hours at room temperature: IR (CHC13) 2950, 1460 cm-'; 'H NMR (CDC13) 6 5.37 (1 H, m), 2.5-1.2 (12 H, complex), 1.10 (6 H, s); 13C NMR (CDC13) 6 47.0 (e3), 44.6 (e2), 39.0 (e4), 37.4 (C'), 36.7 (e5), 34 .9 (e8), 34 .7 (e9), 34 .1 (es), 28.8 (elo), 28.5 (e7), 27.5 (BCH,); mass spectrum, mle (relative intensity) 163 (100) (M+ -I).
2-an ti-Bromo-4,4-dimethyladamantane. A 158-mg sample of la (0.81 mmol) was refluxed overnight in 48% hydrobromic acid. After cooling, the reaction mixture was diluted with water and extracted with methylene chloride. The usual workup afforded 33 mg (16%) of 2-anti-bromo-4,4-dimethyladamantane as a colorless liquid: IR (CHC13) 2950, 1460 cm-'; 'H NMR (CDC1,) 6 5.12 (1 H, m), 2.5-1.2 (12 H, complex), 1.10 (6 H, s);
13C NMR (CDC13) 6 61.7 (e2), 45.7 (e3), 38 .9 (e4), 36.4 (C6), 36.1 (e'), 34.6 (es), 33.6 (C6), 33.2 (C'), 28.1 (C"), 27.4 (2CH3), 27.1 (C'); mass spectrum, m / e (relative intensity) 163 (100) (M+ -Br).
Adamantane-2,l-dione (17). A 200-mg sample of IC (1.10 mmol) were dissolved in 20 mL water and 25 mL concentrated sulfuric acid. The mixture was refluxed overnight, and after it cooled, 50 mL water was added. The 13C NMR data of 4-oxa-5-homoadamantane derivatives will be published in a forthcoming paper.
Ab initio MO calculations with the STO-3G basis set level on cyclic and acyclic methyl-and phenyl-substituted vinyl cations have been used, in combination with the experimental heat of formation of the parent vinyl cation, to evaluate AHf' values for a set of vinyl cations. Comparison of these thermodynamic values with solvolysis data shows that only one-quarter of the stabilizing influence of substituents is effective in the solvolysis transition states. The slow solvolysis rates of vinyl compounds are thus not primarily due to the low stability of vinyl cations but to an unusually high kinetic barrier between vinyl derivatives and the corresponding ionic intermediates.
A knowledge of relative carbenium ion stabilities is essential for the interpretation of reactions involving carbocations and is being used to help design syntheses via cationic intermediates.' In principle, such relative stabilities may be obtained from solvolysis data or from thermochemical studies. However, only a few gas-phase heats of formation have been determined. Utilization of reactivity data in solution requires that solvolysis transition states resemble the corresponding carbenium ions energetically. Furthermore, published solvolysis rates have been measured under different conditions with varying leaving groups so that a consistent set of data is not available. Therefore, we have now used molecular orbital calculations to gather such thermochemical information.
( Calculations were carried out at the restricted Hartree-Fock level by using the ab initio SCF-MO GAUSSIAN 70 series of program^.^ Partial geometry optimizations involving the heavy-atom framework and the CCH angles were performed with the STO-3G minimal basis set4 by using analytically calculated gradientsq5v6 Complete optimizations were carried out for the linear systems with less than five carbon atoms.'
Results and Discussion Geometry. Acyclic vinyl cations prefer linear arrangements a t the positive carbon; for systems in which exact linearity is not allowed by symmetry, deviations of less than lo are calculated. The C=C bond lengths are practically unaffected by substitution (1.281-1.286 A).
This value for 1 is 1.262 A with the much larger 6-31G* basis. 2e
For 7 and 8, the previously calculated minimum energy conformation with a perpendicular phenyl ring2b was enforced by symmetry constraints. Optimization of the benzene ring of 7 resulted in elongation of the Ci-C, (1.440 A) and the C,-C, bonds (1.407 A) and in shortening of the C,-C, bond (1.372 A); an energy gain of 2.9 kcal/mol relative to the partially optimized structure2b resulted. The benzene ring geometry is closely similar to that calculated for the benzyl cation.8
In agreement with findings for the fl-methylvinyl cation 3," the &@-dimethylvinyl cation 5 prefers the conformation
with the cis hydrogens in the plane of the empty p orbital. Consequently, similar conformations were selected for 6 and 8. Eclipsed conformations were chosen for the amethyl groups in 4 and 6. Such conformations were calculated to be slightly more stable than the perpendicular arrangement in cation 2.2a
The geometries of the cyclic vinyl cations 9-1 1 reflect the tendency of vinyl cations to adopt linear arrangements. Unusually large C2C1C4 angles, almost complete flattening of the rings, and decrease of the adjacent C1C2C3 and C1C4C5 angles result (Table I ).
In the cyclohexenyl and cyclopentenyl cations, 9 and 10, the ClC2 double bond is slightly reduced in length relative to that in 4 whereas C2C3 is considerably elongated (+0.04 A) in both cases. These trends continue in the l-cyclo- 
3632.
(6) Optimization criterion: 6f/6x < 0.01 or until the total energy was (7) For the extent of optimization see the footnotes of (1) hE(ST0-3G) = -20.2 kcal/mol"; ilE(expt1) = -20.7,12 -22.013 kcal/mol (2) hE(ST0-3G) = -79.0 kcal/mol14; AE(expt1) = -79.9 kcal/mol15
In addition, we have reported that there is an excellent agreement between calculated (STO-3G) and experimental AI3 values for methyl-transfer reactions in the series of methyl substituted allyl cations.l0 Therefore, we believe the stabilization energies of eq 3-11, which are based on the total STO-3G energies of Table 11 , will also be reliable. (11) stituents is somewhat reduced if the 6-carbon is methyl substituted. Methyl groups at the @-carbon stabilize vinyl cations by 15 (eq 7) and 12 kcal/mol (eq a), though this position is formally uncharged. This effect has been attributed to hyperconjugation.2c As expected, the 6-methylation effect decreases the more the positive charge is stabilized by a substituents (eq 9-11).
Cyclic Vinyl Cations.18 Cyclic vinyl cations are less stable than the acyclic analogues. According to eq 12 and 13, 1-cyclohexenyl and 1-cyclopentenyl cations are destabilized by 17 and 27 kcal/mol relative to their acyclic counterpart, 4. With a C=C+-C angle of 155O, the 1-cyclohexenyl cation is not very different from acyclic species. Therefore, eq 12 can be expected to give a reliable AE value for the reasons discussed above. In the isodesmic reactions, 13 and 14, carbenium ions of widely different structures are correlated, however, and we cannot be sure that the calculated numbers are accurate. This fact is stressed by the finding that the isodesmic reaction comparing 2 and 11 displays considerable basis set dependence.2d Eqs 16 and 17 show that methylation of the 0-carbon has approximately the same effect in cyclic vinyl cations as in acyclic species (eq 15). Comparison with Solvolysis Data. On the basis of the Hammond-Leffler postulate,23 one can expect a linear correlation between activation free enthalpies of solvolysis reactions (AG') and the dissociation free enthalpies (AG). If no specific solvation effects exist, the AG* (solvolysis) values should also be related to the gas-phase stabilities of the corresponding vinyl cations (Table 111) . Figure 1 shows the linear correlation between the solvolysis free enthalpies of vinyl triflates and the heat of formation differences between the cations and the precursors. However, two points deviate, those for 2-propenyl and for 1-cyclobutenyl triflates. Since the deviation of cyclobutenyl triflate can be attributed to the inadequacy of our computational approach (see discussion above), 11 has been omitted from the graph. On the other hand, the displacement of 2-propenyl triflate must have a physical meaning; the calculated heat of formation of vinyl cation 2 is in agreement with the experimental gas-phase value. The finding that 2-propenyl triflate solvolyses faster than expected from the gas-phase stability of cation 2 supports a previous suggestion that systems with 0-hydrogens trans to the leaving group experience specific solvation effects in the solvolysis transition states.% To eliminate this effect in 4, the solvolysis data of (E)-2-buten-2-y1 triflate and not of its 2 isomer has been included to the plot.
From the correlation line one can expect activation free enthalpies for the formation of cyclopentenyl cations which are not very different from those observed for 0-S cleavage in 1-cyclopentenyl t r i f l a t e~.~~,~~ Probably, 0-S cleavage is only slightly favored over the formation of vinyl cations. This assumption is supported by a recent report that 1-cyclopentenyl cations are formed readily via R cyclization.lc If the questionable data for 2-propenyl triflate and 1-cyclobutenyl triflate are omitted, regression analysis yields a linear correlation (r2 = 0.980) with a slope of 0.26. This shows that only a small fraction of carbenium ion character is developed in the solvolysis transition states. Corresponding plots for solvolyses of allylic chlorides in formic acid and of tertiary alkyl chlorides in ethanol gave slopes of 0.51'O and 0.66,33 respectively, indicating a higher cationic character in these transition states. shows that tert-butyl and a-phenylvinyl cations have similar hydride affinities (Le., similar thermodynamic stabilities) though tert-butyl bromideu solvolyses ten powers of ten faster than a -b r o m~s t y r e n e .~~~ Instead, the transition states for vinyl solvolyses reflect the energies of the fully developed ions to a much smaller extent than do the transition states in alkyl solvolyses. Thus, vinyl cations are formed much more slowly than trivalent carbenium ions of equal thermodynamic stability. This point is illustrated nicely by the fact that progargyl bromide 14 HC-CCH,Br + HC-C%H, +-BrCH=C=CH, 14 1 5
Conclusions
solvolyses 4000 times faster than allenyl bromide 15 though both give the same carbenium ion.% Ground-state effects cannot be responsible since 14 and 15 have similar thermodynamic stabilitie~.~' We suspect that the transition states for vinyl solvolyses are less effectively solvated even when solvent "ionizing power" rather than solvent nucleophilicity is involved. Alternatively, there may be a larger barrier in going from a sp2 ground state to an sp ion pair transition state than that for a corresponding sp3sp2 change.
